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We have examined time-averaged charges of the molecular donors around the phase boundary between the
insulating, superconducting, and metal phases for -type ET ET=bis-ethelenedithio-tetrathiafulvalene salts
with one two holes per two three molecules by using vibrational spectroscopy. Around the phase bound-
ary, the site charges are neither those expected for a well-developed charge-ordered CO state nor a homoge-
neous distribution. The molecular charges exhibit an inhomogeneous distribution just above the insulator-
superconductor transition temperature. We have analyzed the distribution of the site charges from the viewpoint
of the alternation of intersite Coulomb interactions along the stacking direction. The closeness in the energy of
several CO patterns mostly contributes to the inhomogeneous distribution, whereas a large difference no
difference in the energy levels contributes to the CO homogeneous state. Our observations indicate that the
instability due to the closeness in the energy of several distributions correlates with the insulator-
superconductor transition in nondimerized or weakly dimerized molecular conductors.
DOI: 10.1103/PhysRevB.77.205120 PACS numbers: 78.30.Jw, 78.40.Me, 71.90.q, 74.70.Kn
I. INTRODUCTION
The charge-ordered CO state has attracted intense atten-
tion since inhomogeneous site charges are observed in low-
dimensional and molecular conductors, which exhibit nonlin-
ear conductivity, photoinduced phase transitions, etc.1–3 The
CO state is a localized state wherein molecular charges vary
periodically in the two-dimensional organic layer or one-
dimensional chain. Merino and McKenzie4 theoretically
studied the insulator-superconductor I-SC transition for the
1 /4-filled with holes square lattice system, where antifer-
romagnetism does not occur. They proposed a pairing
mechanism mediated by the fluctuation of the CO state by
using the slave-boson theory under the assumption of the
extended Hubbard model.4 Their mechanism is striking since
there has been no appropriate model for the I-SC transition
of the 1 /4-filled and 1 /3-filled salts yet. The I-SC transition
is observed for the molecular conductors based on the or-
ganic donor molecule bis-ethylenedithio-tetrathiafulvalene
ET, wherein one hole or two holes is are accommodated
into two three molecules. Among the ET salts that exhibit
the I-SC transition, however, most of the researchers have
been investigating the -type ET salts, where the two-
dimensional layer consists of ET dimers. Owing to strong
dimerization, an ET dimer can be regarded as one site so that
one hole is accommodated into one site.5 Then, the formal
band filling can be regarded as half-filling rather than
1 /4-filling.5 Indeed, even in the insulating state, the ET mol-
ecule of the -type ET salts takes the formal charge.6,7
Therefore, one of the accepted stories for the -type ET salts
is the half-filled picture: the conducting and magnetic prop-
erties of the -type ET salts is mapped with Uintra / tinter,
where Uintra and tinter denote the magnitude of the intradimer
on-site Coulomb integral and interdimer transfer integral,
respectively.5 On the contrary, this picture is no longer appli-
cable to the -type and -type ET salts owing to the absence
of strong dimerization.8,9 The CO transition of the 1 /4-filled
and 1 /3-filled salts is evidenced for the insulating phase of
several -type and -type ET salts by using NMR, vibra-
tional spectroscopy, and x-ray structural analysis.10–14 There-
fore, the -type and -type ET salts are candidates for the
charge mediated SC transition. However, there is no evi-
dence for the inhomogeneous site charges just above the
I-SC transition temperature except for our preliminary
study.15 Furthermore, it is necessary to understand the role of
the intersite Coulomb interaction, Vinter, around the phase
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boundary by using available materials. In this paper, we
present the inhomogeneous molecular charges around the
phase boundary among insulator, SC, and metal states of
nondimerized or weakly dimerized molecular conductors and
discuss what dictates the site charges.
As described above, there are two candidates for a model
compound for studying the I-SC transition: -type ET salts
and -type ET salts. We have chosen the -type ET salts
rather than the -type ET salts because the electrical proper-
ties of -ET2I3, which is a unique superconductor among
the -type ET salts, are sensitive to minor differences in the
anion position.16 Since the ET molecules of the -type ET
salt form nearly uniform but complex layers, such a minor
structural change may contribute to the crucial effect on the
intersite Coulomb interaction, transfer integral, electron-
phonon interaction, etc.8 In contrast, most of the -type ET
salts have nonuniform columnar structures even at room
temperature.9 The intermolecular distances show the alterna-
tion along the stacking direction. Since the alternation of the
intermolecular distances induces the alternation of the mag-
nitudes of the intersite Coulomb interactions, the amplitude
and distribution of the site charges can be examined from the
available distribution of the intermolecular distances.13,14
Moreover, a rich variety of superconductors is available
among the -type ET salts.17–21 Throughout the experiment,
for several -type ET salts, we can investigate what dictates
the site charges around the phase boundary as well as in the
insulating phase without a theoretical simulation.
We have applied the vibrational spectroscopy to the
-type ET salts around the phase boundary. Vibrational
spectroscopy is one of the most powerful methods for study-
ing the CO state because the pattern of the CO state as well
as the molecular charge can be estimated from the frequency
of the CvC stretching modes.22 The properties of the CvC
stretching modes, described in Ref. 22, are briefly introduced
as follows. Since there are three CvC bonds in the ET
molecule, the number of the CvC stretching mode is 3: 2,
27, and 3 modes. In the 2 27 mode, two CvC bonds in
the two five-member rings vibrate in phase out of phase.
The frequencies of the 2 and 27 modes have a linear rela-
tionship with the molecular charge.22 Since the frequency
shifts between the neutral and radical cations are large, 120
and 140 cm−1 /hole for the 2 and 27 modes, respectively,
these modes are the charge-sensitive modes.22 Owing to the
large frequency shift, the time resolution of the charge-
sensitive modes is approximately 1 ps. Since the small time
resolution allows us to investigate the time-averaged molecu-
lar charge, the delocalized, nearly localized, and fully local-
ized states are distinguished from each other by using the
line shape of the charge-sensitive modes. This property is
advantageous in investigating the molecular charges around
the phase boundary. The 3 mode, which is the stretching
mode at the center CvC bond, is not always sensitive to the
molecular charge owing to the large electron–molecular vi-
brational e-mv coupling constant 0.1 eV.23 The 3
mode of the crystalline materials exhibits a factor group
splitting. The number of the 3 mode is at most the number
of the ET molecule in the repeat unit of the organic layer.
When the overlap integral between the ET molecules is non-
negligible, the frequencies of the 3 modes are more or less
perturbed, the degree of which depends on the amount of
charge transfer induced by each mode.11,13,14,22 This property
allows us to conduct the factor group analysis. By applying
the factor group analysis to the 3 modes, we can estimate
the distribution of the site charges in the CO state and evalu-
ate the development of the CO state.
The materials for which we have observed vibrational
spectra are listed in Table I. Hereafter, we label the listed
materials by the designations shown in Table I. The formal
filling of the hole band is 1 /4-filled 1 /3-filled since one
hole two holes is are accommodated into two three mol-
ecules. As described in the next sections, however, the for-
mal filling is not sufficient for discussing the distribution of
the site charges. In this paper, we often use the ratio of the
number of sites to holes in the repeat unit in the organic
layer, e.g., 2:1 or 4:2 salts instead of the 1 /4-filled salts, and
3:2 or 6:4 salts instead of the 1 /3-filled salts. The 4:2 salts
are classified into two groups depending on the counteran-
ion: groups I and II. The electrical resistivity of group I
exhibits an insulating behavior below 100 K.18,19 The
M =Pt and Pd salts show the I-SC transition under hydro-
static pressure. The electrical resistivity for group II shows a
weak increase with decreasing temperature below 100 K,
with the sol=PhNO2 salt exhibiting an I-SC transition at
ambient pressure.21,22,24 On the other hand, the SC transition
is not observed for the sol=pyridine and CH2Cl2 salts at
either ambient or hydrostatic pressure.21,24 Since
Shubnikov–de Haas oscillations are observed for the sol
=pyridine salt, the non-SC salts are inherently metal.15,25
Group III is the 2:1 salts. The temperature dependence of the
electrical resistivity for group III exhibits a metallic behavior
down to liquid helium temperature and no SC transition is
observed under ambient or hydrostatic pressure.26 Based on
the experimental results for the 4:2 and 2:1 =1 /4-filled
salts, we discuss the distribution of the site charges from the
viewpoint of the intermolecular distances. The I-SC transi-
tion is also observed in the temperature dependence of the
electrical resistivity for one of the 1 /3-filled salts,
-ET3Cl2·2H2O, under hydrostatic pressure.17 Strictly,
this material should be classified as the 6:4 salt since the
repeat unit consists of six molecules with four holes. The
pressure-temperature phase diagram for -ET3Cl2·2H2O
has been reported in Ref. 27. The I-SC transition is observed
under hydrostatic pressure between 1.0 and 1.6 GPa.27 In this
paper, we present the temperature dependence of the vibra-
tional spectra under both ambient and hydrostatic pressures.
We will discuss the distribution of the site charges for the
superconductor -ET3Cl2·2H2O by comparison with the
previous results for the non-SC material, particularly one of
the 3:2 salts -ET3ClO42.14 As shown in Table I, the
former is designated as group ii. The latter is denoted as
group i.
The remainder of the paper is organized as follows: the
experimental procedures are described in Sec. II. The results
of vibrational spectra for the 4:2 and 2:1 =1 /4-filled salts
are shown in Sec. III A. In Sec. III B, we show that the
properties of the electrical resistivity for the 4:2 and 2:1 salts
are mapped with the time-averaged molecular charges and
discuss what dictates time-averaged charges. The pressure
dependence of the vibrational spectra for the 6:4
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=1 /3-filled salts is shown in Sec. III C. In Sec. III D, we
will discuss the site charge for the 6:4 salts and indicate that,
by analogy with the 4:2 and 2:1 salts, the pressure depen-
dence is also correlated with time-averaged charges.
II. EXPERIMENT
Single crystals of groups I–III were prepared by using
galvanostatic electrochemical oxidation at the Institute for
Molecular Science, The Royal Institution of Great Britain,
and RIKEN, respectively. The isotope analogs of
-ET3Cl2·2H2O were prepared at Hokkaido University
and at the Institute for Molecular Science.
Raman spectra were measured by using a Renishaw Ra-
mascope with a backward scattering configuration. The inci-
dent light was polarized, and the unpolarized scattered light
was collected. Among numerous vibrational modes, we have
concentrated our attention on the CvC stretching modes:
2, 3, and 27. The properties of 2, 3, and 27 modes have
been described in Ref. 22 in detail. Figure 1 shows the or-
ganic and conducting layer of the -type ET salts.9,18,19 The
overlap integrals or intersite Coulomb interactions extend
along the conducting, stacking, and diagonal directions,
which are denoted as C, S, and D directions, respectively. We
designate the direction perpendicular to the conducting plane
as the E direction because this direction contains the crystal
edge. In most of the spectra, the incident light was irradiated
onto the edge of the single crystal and was polarized along
the E direction, which is approximately parallel to the mo-
lecular long axis. In this configuration, the intensity of the
charge-sensitive mode 2 is strong. The intensity of the 3
mode, whose frequency is less perturbed by the e-mv inter-
action, is also strong. Some Raman spectra were measured
with the incident light perpendicular to the conducting plane
in order to observe the vibronic 3 mode whose frequency is
strongly perturbed by the e-mv interaction. As for the
M =Pt salt and -ET3Cl2·2H2O, we obtained the
TABLE I. Intermolecular distances, distribution of the intermolecular distance, and difference in the molecular charges at the charge-rich
and charge-poor sites, , for the -type ET salts. s and L denote the short and long distances, respectively. Averaged transfer integrals
along the stacking and conducting directions, ts and tC, respectively, are shown in the right columns.
1 /4-filled
salts N Materials
Distribution
of the
intermolecular
distances
Intermolecular
distances
Å Designations 
ts
meV
tC
meV
Group I
4:2-salts
4 ET4NiCN4·H2O sLsL 4.100, 5.424, 4.100, 5.415a I-1 M =N 0.3 43a 148a
ET4PdCN4·H2O I-2 M =Pd 0.3 42b 146b
ET4PtCN4·H2O 4.114, 5.462, 4.114, 5.427a I-3 M =Pt 0.15 40a 146a
Group II
4:2-salts
4 ET4H3OGaC2O43PhNO2 sLLL 4.026, 4.894, 5.068, 4.894c II-1 sol=PhNO2 0.13 84d 185d
ET4H3OGaC2O43CH2Cl2 II-2 sol=CH2Cl2 0.08
ET4H3OGaC2O43 pyridine 4.011, 4.864, 5.101, 4.861c II-3 sol=pyridine 0.05 97d 197d
Group III
2:1-salts
2 ET2Br diiodoacethylene ss 4.300, 4.363e III-1 Hal=Br 0.03 20e 86e
ET2Cl diiodoacethylene 4.321, 4.468e III-2 Hal=Cl 0.03 15e 89e
1 /3-filled
salts N Materials
Distribution
of the
intermolecular
distances
Intermolecular
distances
Å 
ts
meV
tC
meV
Group ii
6:4-salt
32 ET3Cl2·2H2O LsL 5.240, 4.049, 5.089f 0.25 35g 184g
aReference 18.
bReference 19.
cReference 21.
dReference 34.
eReference 26.
fOur experimental data.
gReference 35.
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FIG. 1. Organic layer of group I, which is the prototype of the
crystal structure of the -type ET salts.
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E-polarized IR reflectance spectra in order to observe the 27
mode. We have also obtained some reflectance spectra by
using the incident light polarized along the C or S directions.
The pressure dependence of the Raman spectra for
-ET3Cl2·2H2O was observed by using a sapphire anvil
cell. The pressure medium was Fluorinert, which is manufac-
tured at Sumitomo 3M Co. Ltd., and the gaskets were made
from Inconel. The edge of the single crystal perpendicular to
the conducting plane was placed on the surface of the sap-
phire. The incident light was polarized along the E direction.
The samples under ambient and hydrostatic pressures were
cooled by using a helium flow cryostat.
III. RESULTS AND DISCUSSION
A. Vibrational spectra of the 4:2 and 2:1 (=1 Õ4-filled) salts
Figure 2 shows the Raman spectra of the 4:2 and 2:1 salts
at low temperatures, which are obtained by using the
E-polarized light. In the Raman spectra, some 2 and 3
modes are observed, while the 27 mode is mostly observed
in the conductivity spectra obtained after a Kramers–Kronig
transformation of the E-polarized IR reflectance spectra. In
this paper, we have omitted the detailed procedures for as-
signing the CvC stretching modes since the criteria for the
assignments were described in previous papers.13,14,22 Mo-
lecular charges are determined from the frequency of the 2
mode or the 27 mode since these modes are weakly per-
turbed by or free from the e-mv interaction, respectively. The
2 mode splits into two for each group, except for the 2
mode of the M =Pt salt, which is denoted as I-3. The peak
splitting of the charge-sensitive mode confirms the inhomo-
geneous site charges and that the organic layer consists of
two kinds of ET molecules: a charge-rich site and a charge-
poor site. Although the 2 mode of the M =Pt salt I-3 does
not show a clear peak splitting, the molecular charges in the
M =Pt salt are also inhomogeneous since the linewidth is
broad. As described in Ref. 22, the estimation of the site
charges from the 27 mode is often superior to that from the
2 mode. To examine the molecular charges of the M =Pt salt
in detail, we have observed the 27 mode of the M =Pt salt in
the IR reflectance spectra. It exhibits a peak splitting in the
low-temperature phase, which confirms that the organic layer
consists of charge-rich and charge-poor sites. The 27 mode
is weakly observed in the Raman spectra of the M =Ni and
Pd salts I-1 and I-2, respectively. The differences in the
frequency of the 2 or 27 mode at the charge-rich and
charge-poor sites are shown in Fig. 2. The difference in the
fractional charges, , is estimated from the difference in the
frequency and the linear relationships: 120 cm−1 /hole for the
2 mode or 140 cm−1 /hole for the 27 mode.22 The estimated
 is shown in Table I.
The differences in the fractional charges in the present
compounds are significantly smaller compared to  in the
CO state for the -type ET salts and -type ET3X2 salts
X=ReO4, ClO4, and HSO4, whose electrical resistivities
exponentially increase with decreasing temperature.11,13,14,28
On the other hand, the small  values for the present com-
pounds are almost identical to those in the highly conducting
state for the -type ET3X2 salts, wherein  is attributed
to the time-averaged site charges due to the nearly localized
state.13,14 The nearly localized state is produced by the nearly
degenerated state in several short-range ordering patterns.14
Interestingly,  exhibits a decrease from the insulating ma-
terial M =Ni: I-1, the superconductor under hydrostatic
pressure M =Pd and Pt: I-2 and I-3, respectively, the ambi-
ent pressure superconductor sol=PhNO2: II-1, the materi-
als where the electrical resistivity exhibits an insulating be-
havior below 20 K but the Shubnikov–de Haas oscillation
is observed sol=pyridine: II-3, to the metallic compounds
Hal=Br and Cl: III-1 and 2. This trend suggests that the
insulating, SC, and metallic phases correlate with .
The localization of the site charges due to the CO transi-
tion produces long-range ordering. A well-developed long-
range order contributes to the development of the vibronic 3
mode, whose frequency is strongly or moderately perturbed
by the e-mv interaction. On the other hand, the intensity of
the less perturbed mode, whose frequency is the highest
among the 3 modes, is insensitive to the development of the
long-range order. Hereafter, we designate the less perturbed
mode as the 3H band. The insensitivity to the long-range
FIG. 2. Raman spectra of the 4:2 and 2:1 =1 /4-fillled salts
solid lines. E-polarized conductivity spectra of M =Pt salt dotted
line. The notations at the left and right sides of the spectra corre-
spond to those in Table I.
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ordering is due to the fact that the charge transfer is less
induced by the 3H mode, where the ET molecules vibrate in
phase.29 Indeed, the intensity and frequency of the less per-
turbed band are almost unchanged with decreasing tempera-
ture and almost independent of the counteranion.11,13,14,28,29
To examine the development of the long-range order, we
have analyzed the vibronic 3 mode, whose frequency is
strongly perturbed by the e-mv interaction. Figure 3 shows
the Raman spectra obtained with the incident light polarized
along the C direction. Analogous to the vibronic 3 mode in
the CO state for the -type ET salts and the -type ET3X2
salts X=ReO4, ClO4, and HSO4, the strongly perturbed
band, which is denoted as 3S, is clearly observed in the
Raman spectra for the M =Ni and Pd salts I-1 and I-2, re-
spectively. In contrast, this band is very weak in the spectra
for the M =Pt salt I-3 and is barely observed for groups II
and III. Interestingly, the e-mv mode tends to be smeared
with decreasing . This trend indicates that the CO state is
reduced with decreasing , which supports our conjecture
that groups I–III correlate with the time-averaged site
charges.
In the spectra of the M =Ni and Pd salts 1-1 and 1-2,
respectively, the moderately perturbed band 3M is also ob-
served in the Raman spectra. According to the x-ray struc-
tural analysis for group I, at room temperature, the organic
layer in the unit cell consists of two-dimensional tetramers in
inversion symmetry, which is shown in Fig. 1.18,19 By assum-
ing a tetramer in inversion symmetry in the low-temperature
phase, four 3 modes are classified into two Raman-active
bands and two IR-active bands. On the contrary, the number
of 3 modes in the Raman spectra is at least 3. Our observa-
tion indicates that the insulating phase in the M =Ni and Pd
salts is characterized as a well-developed CO state, where no
inversion center is located in the two-dimensional tetramer.
The asymmetric distribution is such that the charge-rich and
charge-poor molecules are alternately aligned along the
stacking direction. The charge-rich or charge-poor stripes are
extended along either the C or D direction. Our conjecture is
supported by comparing the IR and Raman spectra. Figure 3
shows the conductivity spectra obtained after a Kramers–
Kronig transformation of the C- and S-polarized reflectance
spectra of the M =Ni salt. The 3M band is observed in the
C-polarized spectra, and the 3S band in the S-polarized
spectra. This result confirms the absence of the inversion
symmetry since the mutual exclusion rule is not applicable to
both the IR and Raman spectra. It should be noted that the
strongly perturbed band is observed in the S-polarized spec-
tra. By assuming asymmetric distributions, a large charge
transfer is allowed along the S direction when the charge-rich
and charge-poor molecules undergo out-of-phase vibrations.
Therefore, the polarization dependence of the vibronic 3
mode agrees with the distribution of the site charges deduced
from the loss of the inversion center.
On the other hand, the strongly perturbed band is only
weakly observed in the IR and Raman spectra of the M =Pt
salt I-3, Fig. 3. The weak intensity indicates that the charge
ordering does not develop so strongly down to a low tem-
perature as compared with the CO state for the M =Ni and Pd
salts. Furthermore, this band is barely observed in the Raman
spectra of groups II and III. This phenomenon suggests that
the site charges for groups II and III are less localized as
compared to the site charges in the M =Pt salt. Therefore, we
conclude that the suppression of the vibronic 3 band is cor-
related with , which strongly suggests that the CO state
melts from group I to group III.
We summarize the experimental results for the 1 /4-fillled
salts as follows: 1 the molecular charges largely deviate
from the formal charge, 0.5, for the insulating materials, M
=Ni salts, and Pd salts. The insulating phases of these mate-
rials are still the CO state with a development of long-range
order. 2 The time-averaged charges in the insulating phase
neighboring the superconductor phase are still inhomoge-
neous, but charges are not completely localized at sites; in
fact, they are in a nearly localized state. 3 Time-averaged
site charges in the metallic phase are almost homogeneous.
B. Distribution of the site charges in the 4:2
and 2:1 (=1 Õ4-filled) salts
The site charges of the -ET salts in the CO state are
largely due to the intersite Coulomb interaction along the
stacking direction S direction, which is almost perpendicu-
lar to the conducting direction C direction.13,14 The inter-
molecular distances along the S direction are useful param-
FIG. 3. Vibronic 3 mode in the conductivity and Raman spectra
for some 2:1 and 4:2 =1 /4-filled salts. Dotted lines are a guide for
the eyes.
INHOMOGENEOUS SITE CHARGES AT THE BOUNDARY… PHYSICAL REVIEW B 77, 205120 2008
205120-5
eters for analyzing the distribution of the site charges. As
shown in Fig. 4, the intermolecular distance is defined from
the distance between the center of the central CvC bond to
that in the adjacent molecule. When the adjacent molecules
lie face-to-face, the intermolecular distance is short. On the
other hand, the intermolecular distance is long when adjacent
molecules are slipped along the molecular long axis. Since
the charge-rich pair does not favor a short intermolecular
distance, the distribution of the site charges is obtained. This
criterion applies quite well to the distribution of site
charges in the nearly localized and highly conducting
state above the CO transition temperature as well as
the CO state for the -ET3X2 salts X=ReO4, HSO4,
and ClO4, ET5Te2I6, and BETS5Te2I6 BETS
=bis-ethelenedithio-tetraselenafulvalene.13,14,30 In the fol-
lowing, we examine the distribution of the site charges for
the 1 /4-filled salts from the viewpoint of the intermolecular
distance.
Table I shows the number of ET molecules in the repeat
unit along the S direction, N, the intermolecular distance, and
the distribution of the intermolecular distance. The distribu-
tion of the intermolecular distances is represented by a short
long intermolecular distance, denoted as s L. The distri-
bution of the site charges in the repeat unit is obtained after
two holes one hole are is accommodated into four sites
two sites. Before discussing the distribution in the present
compounds, we will comment on the distribution of the site
charge for an exactly uniform columnar structure. A uniform
columnar structure N=1 can produce the homogeneous site
charge as a time-averaged distribution since the energy level
of the distribution, dd, is identical to that of its coun-
terpart, dd, where d denotes the intermolecular
distance between charge-rich “” and charge-poor “”
molecules. In other words, the distribution allowed in the
organic layer is indefinite. Even though the intermolecular
distance is short, d=s, the homogeneous distribution is
expected to be robust unless additional interaction or
structural changes driven by electron-phonon interaction,
interaction with the counteranion, redistribution in the
intersite Coulomb interaction, etc., participate in the
distribution of the site charges. Indeed, homogeneous site
charges are observed below 100 K for -ETTCNQ
TCNQ=tetracyanoquinodimethane, whose intermolecular
distance is uniform and short 4.106 Å.31,32
Group III belongs to the 2:1 salt. The intermolecular
distances for group III are almost but not exactly uniform
N=2; ss, s	s.26 Nevertheless, the energy level of
ss is identical to that of ss. Therefore, in this
group, the almost homogeneous distribution is the result of a
time averaging. This conclusion is supported by the observa-
tion of a single peak corresponding to the charge-sensitive
mode in -ET2AuBr2.22 Analogous to the intermolecular
distances for group III, the intermolecular distance along the
stacking direction of -ET2AuBr2 is not uniform and two
ET molecules form the repeat unit N=2.9,33 Since the short
s=4.146 Å and long L=5.636 Å distances occur alter-
nately along the S direction, the energy of the sL dis-
tribution is identical to that of sL.33 Therefore, the ho-
mogeneous site charge is produced not only for N=1 but also
for N=2. In other words, the localization of the site charges
for the 2:1 salts with N=2 N=1 requires some structural
changes, for example, a doubling tetramerization of the re-
peat unit or broken inversion symmetry, anion ordering, etc.
These structural changes then contribute to an alternation of
the intersite Coulomb integral including the interlayer direc-
tion or the electron-phonon interaction.
Next, we examine the intermolecular distances for group
I, where the repeat unit consists of four molecules N=4.
Strictly, the ratio of the number of sites to the number of
holes should be represented as 4:2. As shown in Fig. 4 and
Tables I and II, the number of short distances s is two and
that of long distances also 2. However, one of the long dis-
tances is not exactly equal to the other L
L. Since the
charge-rich pair does not favor the short distance, four pat-
terns are allowed for group I, as shown in Table II. The most
stable distribution is a pair of asymmetric distributions
LsLsL and LsLsL. When the energy
levels between asymmetric distributions are identical to each
other, a pair of the asymmetric distribution contributes does
not contribute to the homogeneous inhomogeneous distri-
bution. When either of the asymmetric distributions has the
lowest energy, on the other hand, a localization of the site
charges occurr. As shown in Fig. 3, at least three 3 modes
are observed in the Raman spectra for the M =Ni and Pd
salts. Furthermore, the mutual exclusion rule cannot be ap-
plied to both IR and Raman spectra. This observation is
clear evidence of a loss of inversion symmetry, which
strongly supports that either of the asymmetric charge
distributions contributes to the localization of the site
charges. Throughout the discussion above, we have analyzed
the distribution of the site charges along the one-dimensional
direction. However, several structural properties are unre-
solved. The development of one of the asymmetric distribu-
tions requires a minor structural change, for example,
L s L s L→ L1 s L s L2. Such a minor change in the
intermolecular distance is observed for the CO state of
ET3ReO42 salts, wherein L s L→ L1 s L2. The de-
velopment of the vibronic mode suggests the condensation of
the CO state in the two-dimensional layer. As for the two-
dimensional distribution in the low temperature phase of the
M =Ni and Pd salts, there are two candidates: charge-rich
and charge-poor stripes could extend along either C or D
direction. Both two-dimensional distributions satisfy the de-
velopment of the asymmetric distribution and show a de-
crease in the magnetic susceptibility. To confirm the two-
dimensional structure and a minor change in the
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FIG. 4. Configuration of the ET molecules along the stacking
direction for group I. L, L, and s denote the intermolecular dis-
tances, L	Ls. The distances are shown in Table I.
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intermolecular distance, further experiment will be needed,
for example, a structural analysis using synchrotron radia-
tion.
On the other hand,  in the M =Pt salt is small and the
intensity of the vibronic mode in the first run is very weak as
compared to those of the M =Ni and Pd salts. The weak
intensity of the 3S mode, which is inherently IR active, in
the Raman spectra indicates that the asymmetric distributions
are almost degenerated. The weak intensity of the 3S mode
in the IR spectra of M =Pt salt as compared with those of
TABLE II. Distributions of the time-averaged site charges and energy diagrams for the possible distributions. L, L, and s denote the
intermolecular distances, L	Ls	s. The differences in the site charges at the charge-rich and charge-poor molecules, , are shown in
the right column. The time-averaged distribution corresponds to that under the ambient pressure, except for the distribution for group ii. A
charge-rich pair with a short distance is omitted in this table.
aReference 14.
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M =Ni and Pd salts suggests that the site charges of the
former are more delocalized than the latter. An asymmetric
pair contributes to the homogeneous site charges for the
M =Pt salt in the nearly degenerated state, which satisfies
small . Nevertheless,  of the M =Pt salt is finite, al-
though small. As shown in Table II, one of two symmetric
distributions  is more stable than the other
, and between two symmetric distributions, the
more stable one will contribute most to the time-averaged
distribution, which results in a small but finite  in that
case.
As described above, the M =Ni and Pd salts are charac-
terized as the localized CO state, whereas the M =Pt salt is
characterized as the nearly localized CO state, whose  is
small as compared to those of the M =Ni and Pd salts. Both
the reduction in the intersite Coulomb integral along the S
direction, VS, and the increase in the transfer integral along
the C direction, tC, can contribute to the decrease in . A
minor contribution of the magnitudes of VS and tC is also
supported by the similarity in the distributions of the site
charges between ET5Te2I6 and BETS5Te2I6.30 As for
group I, the difference in  is attributed to VS rather than tC.
First, we examine the contribution of transfer integrals to 
in group I. Comparing the reflectance spectra for the
M =Ni salt with those for the M =Pt salt does not necessarily
give the difference in the transfer integrals since the reflec-
tance spectra contain strong vibronic modes as well as the
electronic transition. We have compared the transfer integrals
obtained from the x-ray structural analysis.18,19 As shown in
Table I, the transfer integral of the M =Pt salt is slightly
smaller than that of the M =Ni salt.18,19 Therefore, the differ-
ence in the transfer integrals does not contribute to the dif-
ference in  for group I. On the other hand, all intermo-
lecular distances in the M =Pt salt are longer than those of
the M =Ni salt.18,19 Since the long intermolecular distance
reduces VS, the decrease in  for group I is ascribed to the
decrease in VS.
We now examine the time-averaged distribution in the
group II salts. The absence of development in the e-mv mode
indicates that there is no noticeable temperature dependence
in the distribution of the intermolecular distances and time-
averaged site charges. That no redistribution takes place in
the intermolecular distances is supported by comparing the
crystal structures at 295 and 30 K.21 These results allow us to
regard the site charges over the whole temperature range as a
result of the nearly localized picture. Group II belongs to the
4:2 salt. As shown in Table II, the repeat unit in the organic
layer consists of four molecules N=4.21 There is one short
distance for group II, whereas there are two for group I.
Since the charge-rich pair does not favor the short distance,
five patterns are allowed for group II. Among the possible
patterns, there are two pairs of asymmetric distributions and
one symmetric one. Since there are no positive data suggest-
ing a loss of inversion symmetry, an asymmetric distribution
and its counterpart are degenerated, which contribute to ho-
mogeneous site charges. Only one kind of symmetric pattern
can contribute to the inhomogeneous distributions. It should
be noted that  for group II is small compared with that for
the M =Pt salt. The difference between  of group II and
the M =Pt salt is partly ascribed to the number of asymmetric
distributions, in the sense that group II contains two pairs,
whereas the M =Pt salt has one pair. Two pairs of asymmetric
distribution favor a more homogeneous time-averaged distri-
bution. The distance at the charge-rich pair in the symmetric
distribution also contributes to a small . The distance of
the slipping configuration for group II is L5.1 Å, which is
significantly shorter than the distances for the M =Pt salt
L5.462 and L5.427 Å.18,21 Since the charge-rich pair
favors a long intermolecular distance, the symmetric distri-
bution for group II is unstable as compared to those for the
M =Pt salt. As a result, the most stable asymmetric distribu-
tions for group II have a large contribution to the time-
averaged distribution as compared with those for the M =Pt
salts. Therefore, a small  and the slight development of
the long-range order for group II are ascribed to the distri-
bution of the intermolecular distance.
A minor difference in  is also observed among the
materials in group II. A minor difference for group II is at-
tributed to the transfer integral along the C direction, tC,
rather than the magnitude of the intersite Coulomb integral
along the S direction, VS. As shown in Fig. 5, an increase
in the overlap integral is supported by the large optical
conductivity of the sol=CH2Cl2 salt as compared with the
sol=PhNO2 salts. The transfer integrals obtained from the
x-ray structural analysis have the same trend, which are
shown in Table I.34
In conclusion, we have shown that the degree of
delocalization, , among groups I–III mostly depends on
the energy levels in the possible distributions. The energy
levels are attributed to the variation in the intermolecular
distance along the stacking direction. The magnitude of the
intersite Coulomb integral VS and the transfer integral tC
make only a minor contribution to the time-averaged site
charges.
Figure 6 shows a schematic phase diagram for groups I
and II salts correlated with the time-averaged site charges,
which are defined as the difference in the molecular charges
at the charge-rich and charge-poor sites . In Ref. 18, the
pressure-temperature phase diagram is presented for group I.
As for group II, the temperature–chemical pressure corre-
sponding to the unit cell volume phase diagram is shown in
Ref. 25. In the former phase diagram, the insulating phase
undergoes a transition to a superconducting phase with in-
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creasing hydrostatic pressure.18 In the latter phase diagram,
the superconducting phase reverts to metallic with decreas-
ing unit cell volume.25 Our phase diagram indicates that both
phase diagrams are integrated by referring to the time-
averaged site charges. The insulating phase is a ground state
since the CO state contributes to reducing the intersite Cou-
lomb interaction. In this phase diagram, the “metallic” phase
is separated from the “metal” phase. The former corresponds
to the highly conducting state, wherein a charge separation is
survived without a long-range ordering. The temperature de-
pendence of the electrical resistivity exhibits the so-called
bad metal behavior. The latter is the normal metal, wherein
Shubnikov–de Haas oscillation, Drude response, etc., are ob-
served and the molecular charges are inherently homoge-
neous. The metal phase is also a ground state because of the
energy reduction due to the kinetic term. The SC phase and
CO state are separated from each other by the metallic in-
homogeneous phase because the vibrational spectra of the
M =Pt and sol=PhNO2 salts indicate less development of the
long-range ordering regardless of finite . The M =Pt salt at
low temperature, under ambient pressure, is the closest to the
phase boundary between the CO and inhomogeneous metal-
lic phases. As shown in the phase diagram, the supercon-
ducting material requires a small but finite . The insulat-
ing state just above the I-SC transition temperature is
characterized as the nearly localized state owing to the nearly
degenerated distributions, which take neither a fully delocal-
ized state nor a static CO state with long-range ordering. The
nearly localized state cannot survive at the lowest tempera-
ture since the system is by no means stable. Our observation
suggests the pairing mechanism, which dissolves the insta-
bility of the nonstatic but inhomogeneous site charges. By
assuming that the nearly localized state plays an important
role in the mechanism of the SC transition, a similar phe-
nomenon should be looked for more closely in other organic
superconductors, where the dimer-Mott model is not appli-
cable owing to the absence of strong dimerization. To con-
firm our conjecture, we examine the molecular charge just
above the I-SC transition temperature in the 1 /3-filled salts,
which is described in the next section.
C. Vibrational spectra of the 6:4 (=1 Õ3-filled) salt:
-(ET)3Cl2 ·2H2O
According to Ref. 27, the low-temperature electrical re-
sistivity of -ET3Cl2 ·2H2O exhibits insulating, supercon-
ducting, and metallic behavior with increasing hydrostatic
pressure. The temperature dependence from 1.0 to 1.6 GPa
shows an I-SC transition.17,27 Prior to the measurement of the
pressure dependence of the vibrational spectra, the assign-
ment of the vibrational modes under ambient pressure must
be confirmed. First, we measured the temperature depen-
dence of the vibrational spectra under ambient pressure. Fig-
ure 7 shows the temperature dependence of conductivity
spectra obtained after Kramers–Kronig transformation of the
E polarized reflectance spectra. Since the intermolecular in-
teraction along the E direction is negligibly small, the elec-
tronic transition is hardly observed in this spectral region.
The E direction is almost parallel to the molecular long axis;
hence, the 27 mode is clearly observed in the E-polarized
reflectance spectra, where its linewidth at 300 K is very
broad. In analogy to the highly conducting phase of
-ET3X2 salts X=HSO4, ClO4, and ReO4, the observa-
tion of such a broad line indicates a fluctuation or frustration
of the site charges.13,14 With decreasing temperature, the
broad band splits into two prominent peaks at 1450 and
1425 cm−1, with the peak separation being clear below
100 K. The two prominent peaks at 1450 and 1425 cm−1
are assigned to the 27 mode at the charge-poor and charge-
rich molecules, respectively. The weak peaks at 1410 and
1400 cm−1 are assigned to the CH2 bending mode, which is
insensitive to the molecular charge. The clear peak separa-
tion of the charge-sensitive mode indicates the CO state in
the low-temperature phase. In the spectra at 150 and 200 K,
the 27 mode at the charge-rich site has a shoulder at 1440
and 1430 cm−1, respectively, which is assigned to the 27
mode at the charge-poor site. This observation indicates that
the charge separation continuously develops with decreasing
temperature and the charges become localized below 100 K.
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The assignments of other CvC stretching modes, 2 and
3 modes, are confirmed by comparing the Raman spectra of
isotopic analogs and the IR and Raman spectra of samples
containing the naturally abundant isotopes. Figure 8 shows
the 13 K Raman spectra of the deuterium analog d8-C12,
the natural abundant h8-C12, and the isotopically substi-
tuted analog whose central CvC atoms are substituted by
C13 h8-C13, and the E-polarized conductivity spectra of the
naturally abundant material at 9 K. By comparing the spectra
of the d8-C12 and h8-C12 samples, the CvC stretching
modes can be distinguished from the CH2 bending modes
because the frequency of the latter decreases to 1000 cm−1
in the deuterium analog. The assignment of the 3 mode is
confirmed by comparing the spectra of h8-C12 and h8-C13
compounds since the frequency of the stretching mode at the
central CvC bond shows a redshift of approximately
60 cm−1, whereas the frequencies of the 2 and 27 modes
are almost unchanged. The 2 and 27 modes are distin-
guished by comparing the IR and Raman spectra, of the natu-
ral abundant compounds since the 27 mode is clearly ob-
served in the IR spectra, whereas the 2 mode is observed in
the Raman spectra. Based on these arguments, the assign-
ments of the 2, 3, and 27 modes are given in Fig. 8. In
analogy to the 27 mode, the 2 mode exhibits peak splitting
in the low-temperature phase, which manifests the CO state
at low temperature.
The observation of two peaks in the charge-sensitive
modes suggests that the organic layer consists of two kinds
of ET molecules whose molecular charges differ. The fre-
quencies of the 2 modes in the CO state are 1510 and
1480 cm−1. By applying the linear relationship in Ref. 22,
1447+1201− cm−1, to the frequency of the 2 modes, the
molecular charges at the charge-rich and charge-poor mol-
ecules are estimated to be approximately 0.75 and 0.5, re-
spectively. Therefore, the ratio of the charge-rich sites to the
charge-poor site is 2:1. The assignment of the 2 modes al-
lows us to examine the pressure dependence of the molecular
charges by using the frequency of the 2 modes.
Gaultier et al. studied x-ray structural analysis in the low-
temperature phase at ambient pressure and estimated the mo-
lecular charge and the distribution of the site charges.35 They
analyzed their structural data by assuming a hexameric re-
peat unit in the ET layer, based on inversion symmetry.35 The
three molecules were independent of each other. They ana-
lyzed molecular charges based on the temperature depen-
dence of the bond lengths in the tetrathiafulvalene skeleton.35
In the low-temperature phase, the charges at the three mol-
ecules are estimated to be 0.96, 0.88, and 0.54.35 Since
thermal contraction of the ET molecule is not taken into
account, the summation of the site charges exceeds 2. If the
summation is normalized to 2, the molecular charges are
estimated to be 0.80, 0.74, and 0.45, respectively. As de-
scribed in Ref. 35, the molecular charge obtained from the
bond-length analysis has an accuracy of 10%. Therefore,
the molecular charges estimated from our experiment are in
agreement with those from the bond-length analysis. A hex-
americ repeat unit in inversion symmetry is also consistent
with our experiment. Figure 9 shows the temperature depen-
dence of the C-polarized conductivity spectra. Since the or-
ganic layer in the unit cell contains six ET molecules, the
number of the 3 modes is at most 6, whose frequencies are
usually perturbed by the e-mv interaction. In the IR and Ra-
man spectra in the low-temperature phase, at least two 3
modes are observed. In the Raman spectra, the 3H mode is
observed at 1470 cm−1 and is assigned to the highest fre-
quency band, wherein the six molecules vibrate in phase.
The other 3 mode, denoted as 3S, is observed in the IR
spectra at very low frequency 1300 cm−1 and with a line-
width exceeding 100 cm−1. This mode is assigned to one
of the strongly perturbed bands due to the e-mv interaction.
By comparing the IR and Raman spectra, we confirmed that
the mutual exclusion rule holds for the vibronic 3 mode.
Therefore, the distribution of the site charges deduced from
FIG. 8. Raman spectra of -ET3Cl2·2H2O at 13 K and the
E-polarized conductivity spectra at 9 K. d8-C12, deuterium analog;
h8-C12, natural abundant; h8-C13, isotope analog whose central
CvC atoms are substituted for C13. The conductivity spectra are
the same as those shown in Fig. 7. “cond.” and “edge” denote the
experimental configurations, where the incident light is perpendicu-
lar to the conducting plane and the crystal edge.
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the x-ray structural analysis in Ref. 35 is consistent with the
vibrational spectra. The distribution of site charges in the CO
state is shown in Table II.
Next, we examine the pressure dependence of the charge-
sensitive mode. Figure 10 shows the pressure dependence of
the Raman spectra of -ET3Cl2 ·2H2O at 10 K along with
the pressure dependence of the Raman spectra at 300 K.
With increasing pressure at 300 K, the frequency of the 2
and 3 modes monotonically increase, a phenomenon that is
also observed in the pressure dependence of some ET
salts.36,37 The monotonic blueshift in the pressure depen-
dence is attributed to the contraction of the ET molecules.
The broad linewidth of the 2 remains up to 2 GPa, which
indicate that the nearly localized site charges remain in the
high-temperature phase. As can be seen from the 10 K spec-
tra, the frequencies of the 2 modes approach each other with
increasing pressure. Nevertheless, the 2 mode does not be-
come single even at 1.3 and 1.6 GPa. This observation indi-
cates that the site charges under pressure should be inter-
preted as being time averaged in analogy with the charge-
sensitive mode in the highly conducting phase of the
-ET3X2 salts X=HSO4, ClO4, and ReO4.14 By curve
fitting the Raman spectra, the frequencies of the 2 modes
above 1.3 GPa can be estimated. Since the frequency of the
2 modes increases continuously owing to the contraction of
the ET molecule, it is not possible to estimate the molecular
charges under hydrostatic pressure from the linear relation-
ship in Ref. 22, 1447+1201− cm−1, at ambient pressure.
Therefore, we estimate the difference in the molecular
charges at the charge-rich and charge-poor sites by using the
difference in the frequencies between the neutral and radical
cation molecules 120 cm−1/hole.22 The difference in the
site charges is shown in Fig. 10. We conclude that  just
above the SC transition temperature is small but finite for the
3:2 salts as well as the 2:1 salts. This experimental result
indicates that the molecular charges should be ascribed a
time-averaged distribution based on a nearly localized pic-
ture.
D. Distribution of the site charges in the 6:4 and 3:2
(=1 Õ3-filled) salts
Before discussing the time-averaged distribution of
-ET3Cl2 ·2H2O under hydrostatic pressure, we examine
the distribution of the site charges of the 3:2 and 6:4 salts at
ambient pressure from the viewpoint of the intermolecular
distance. In analogy with the 4:2 and 2:1 salts, the intermo-
lecular distance at the slipping configuration is long 5 Å,
whereas that at the nonslipping configuration is short
4 Å.9 As for the 3:2 salts, the distributions of the inter-
molecular distances for the nonuniform columnar structure
can be roughly classified into two categories. One is the dis-
tribution sLs with one long distance and two short dis-
tances, and the other is LLs with two long distances and
one short distance.9 The former corresponds to that found in
-ET3ClO42, where only one kind of distribution of the
site charges, sLss, is allowed in the CO state.14 The
distributions of the intermolecular distances and site charges
are shown in Table II. On the other hand, the second distri-
bution, LLs, leads to the frustration of the site charges in
the case that L=L.13,14 This case corresponds to the highly
conducting state of -ET3ReO42, wherein the energy of
LLsL is identical to that of LLsL.13,14
This frustration dissolves in the low-temperature phase since
a structural change leading to L	L occurs.13,14 Since the
distribution LLsL is more stable than
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LLsL, localization of the site charges takes
place.13,14
As shown in Tables I and II, the number of ET molecules
in the unit cell for the 6:4 salt, -ET3Cl2 ·2H2O, is
6 N=32, which is different from N=3 found in
-ET3ClO42 and -ET3ReO42.9 However, in com-
mon with the low-temperature phase of -ET3ReO42,
the organic layer in the unit cell consists of asymmetric tri-
mers, which include two long intermolecular distances, de-
noted as L and L, and one short distance.9,35 When two
holes are localized in the asymmetric trimer, the distribution
LLsL is more stable than LLsL. Since a
pair of asymmetric trimers forms a hexamer on the inversion
center, the number of the distributions is 9. Among nine dis-
tributions, five distributions include a charge-rich pair with a
short distance. After excluding five unstable distributions,
there are four possible distributions of the site charges in the
low-temperature phase. Among the four shown in Table II,
the most stable one consists of a pair of the most stable
distributions, LLsL. Indeed, this distribution
agrees with the pattern of the CO state at ambient pressure.35
Therefore, the distribution of the site charges at ambient
pressure satisfies the requirement for reducing the intersite
Coulomb interaction along the stacking direction.
The peak separation of the charge-sensitive mode is en-
hanced with decreasing temperature, consistent with that for
the X=ClO4 salt, and significantly different from that for
-ET3ReO42, where the frequencies of the charge-
sensitive modes approach each other down to the transition
temperature.13,14 This difference in the temperature depen-
dence is ascribed to a different distribution of the intermo-
lecular distances in the high-temperature phase. The distribu-
tion of the intermolecular distances for the present
compound is asymmetric over the whole temperature range,
LLs, while that for -ET3ReO42 is symmetric in the
high-temperature phase, LLs.13,14,38 Even though the ther-
mal contraction enhances intersite Coulomb interaction, the
site charges of -ET3ReO42 cannot be fully localized
since the energy level of LLsL is identical to that of
LLsL.13,14 Thus, frustration of the site charges oc-
curs in -ET3ReO42. The thermal contraction also en-
hances overlap integrals, particularly along the transverse di-
rection. Therefore, time-averaged charges approach the
molecular charges deduced from the chemical composition
owing to the kinetic interaction.13,14 On the other hand, the
most stable distribution is robust in the high-temperature
phase for -ET3Cl2 ·2H2O and -ET3ClO42. The tem-
perature dependence of the charge-sensitive modes for
-ET3Cl2 ·2H2O and -ET3ClO42 is ascribed to the
development of the most stable distribution; in other words,
the fluctuation of the most stable distribution rather than a
frustration between degenerated distributions.13,14
Let us discuss time-averaged molecular charge under hy-
drostatic pressure. Since no significant change suggesting a
discontinuous structural change or redistribution in the site
charges is observed, the pressure dependence of molecular
charges can be analyzed in terms of the intermolecular dis-
tance used for the ambient pressure. With increasing hydro-
static pressure, the difference in the fractional charges, ,
decreases. It should be noted that inhomogeneous charges
are robust just above the SC transition temperature. In anal-
ogy with group II, the time-averaged distribution above the
SC transition temperature is characterized as the nearly lo-
calized picture due to the nearly degenerated state among
four distributions shown in Table II. The hydrostatic pressure
reduces the area of the organic layer, which enhances the
overlap integrals, particularly along the C and D directions.
The enhancement of the overlap integral partly participates
in the reduction in the difference of the energy levels among
four possible distributions. It should be noted that hydrostatic
pressure induces contraction not only within the organic
layer but also in the interlayer direction. The contraction
along the interlayer direction induces rotation of the ET mol-
ecules because the long axis of the ET molecule of the
-type ET salts is not exactly perpendicular to the organic
layer, which is shown in Fig. 4. Then, hydrostatic pressure
reduces the difference in the intermolecular distances. The
similarity between the intermolecular distances, particularly
between L and L, also contributes to reducing the difference
in the energy levels among four distributions. Therefore, a
small but finite  just above the SC transition temperature
is attributed to the nearly degenerated state due to the simi-
larity in the intermolecular distances along the stacking di-
rection as well as the enhancement of the overlap integral
along the C and D directions. With increasing pressure up to
1.7 and 2 GPa,  is very small 0.03. As shown in Ref.
27, the temperature dependence of the resistance in the high-
pressure region exhibits metallic behavior. In analogy with
group III, the metallic behavior with a very small  is at-
tributed to the almost identical intermolecular distances. We
believe that high pressure induces almost homogeneous dis-
tances, wherein the distance at the nonslipping configuration
is almost identical to that at the slipping configuration. The
delocalized nature under the high-pressure region is attrib-
uted to the degeneration of the energy levels, including the
charge-rich pair with a nonslipping configuration. In Table II,
the distributions in one column are shown although the total
number of the distributions in a unit cell is 9. The degenera-
tion of the energy levels is supported by the pressure depen-
dence of the electrical resistivity for -ET3ClO42, which
is described in the next paragraph.
Based on the above discussion, we can surmise that a
nearly degenerated state is required for the SC transition of
the -type ET salts. If this is the case, we can expect that
there will be no SC transition in any material whose site
charges are homogeneous or whose distribution of the site
charges is uniquely determined. Indeed, the almost homoge-
neous site charge for group III agrees with the absence of a
SC transition. The temperature dependence of the electrical
resistivity of -ET3ClO42 under hydrostatic pressure
also supports this conjecture.39 The resistivity at ambient
pressure exhibits a steep but continuous increase below
about 170 K.40 This phenomenon is due to the develop-
ment of the CO state.14 A steep increase in the temperature
dependence disappears at around 9 kbar. Furthermore, nei-
ther I-SC nor metal-SC transitions were observed up to
15 kbar and down to 1.5 K.39 This observation indicates
the absence of the SC transition or a very small area of the
SC phase in the pressure-temperature phase diagram. As de-
scribed above, the distribution of the site charges is uniquely
YAMAMOTO et al. PHYSICAL REVIEW B 77, 205120 2008
205120-12
determined, sLss, for -ET3ClO42 at ambient
pressure. Even when hydrostatic pressure is applied, the
nearly degenerated state hardly occurs since the other distri-
butions, sLss and sLss, contain a charge-
rich pair with a short distance. By increasing the pressure
further, the long and short distances approach one another.
When they are equal, the molecular charges become homo-
geneous because three distributions are completely degener-
ated. Hence, the site charges take either an ordered or a ho-
mogeneous state at low temperatures. Therefore, the abrupt
change from insulating to metal phase and the absence of the
SC transition are ascribed to the absence of the nearly local-
ized state.
Throughout our analysis of the intermolecular distances
and vibrational spectra, we have shown that the electrical
resistivities among 4:2, 2:1, 3:2, and 6:4 salts are correlated
with the time-averaged site charges . The universal
phase diagram for the 4:2 salts, shown in Fig. 6, is also
applicable to the 6:4 salts -ET3Cl2 ·2H2O. The
pressure-temperature phase diagram for -ET3Cl2 ·2H2O
has been reported in Ref. 27, and if the CDW phase in Ref.
27 is replaced with the CO phase, our phase diagram is al-
most identical. The phase diagram shown in Fig. 6 is appli-
cable to the materials where the distribution of the site
charges takes a nearly localized state. On the other hand,
group III materials and -ET3ClO42 are characterized by
the other phase diagram, wherein the nearly localized state
and the SC phase are absent or extremely small. On the basis
of our universal phase diagram, we propose some conditions
for observing the nearly localized state in organic supercon-
ductors: a the number of molecules in the repeat unit, N, is
large and b the number of long intermolecular distances in
a repeat unit is large, up to N−1.
We will give comments on the other -type supercon-
ductors -ET2SF5CH2CF2SO3, where we have not mea-
sured vibrational spectra.41 Inhomogeneous site charges are
also observed at ambient pressure.41 In this material, the
number of independent ET molecules along the S direction is
N=2.41 The organic layer contains two kinds of molecular
columns. Then, the number of the repeat units in the unit cell
is likewise 4.41 In both columns, the long distance and short
distance alternately extend along the stacking direction, that
is, sL along the column A and sL along column B.41 As
far as N=2 along the S direction, the molecular charges
along the S direction are expected to be homogeneous. Since
L and L are comparable to the distance along the C direc-
tion, the intersite Coulomb interaction along the C direction
together with that along the S direction can contribute to the
distribution of the site charges. Therefore, we can expect that
the time-averaged distribution takes a stripe structure along
the S direction. Indeed, the stripe pattern is observed for
-ET2SF5CH2CF2SO3, which is obtained from the bond-
length analysis.41 Interestingly,  is estimated to be 0.06.41
This value is smaller than those of I-SC materials. The small
value of  is in agreement with the more delocalized nature
due to N=2 along the S direction and is consistent with our
phase diagram because the temperature dependence of the
electrical resistivity reveals a metal-SC rather than an I-SC
transition.41 Therefore, the nearly localized picture is
applied to the inhomogeneous site charges of
-ET2SF5CH2CF2SO3.
As described in the Introduction, the magnetic properties
of the CO state for the -ET3Cl2 ·2H2O should be attrib-
uted not to the antiferromagnetic AF state but to a nonmag-
netic state.42 Since the charge-rich stripe is not formed along
the stacking direction in the present compounds, the charge-
rich pair is formed along the C or D direction. Since the
magnitude of the overlap integral along the C or D direction
is large, it is reasonable to consider that the spin singlet is
induced by the charge-rich pair. The absence of an AF fluc-
tuation and the observation of the inhomogeneous site
charges indicate the charge-fluctuation-mediated supercon-
ductivity proposed by Merino and McKenzie.4 Indeed, our
observation indicates a pairing mechanism that dissolves the
instability due to the nearly localized state. It is interesting to
examine whether inhomogeneous site charges neighboring
the SC phase are a general phenomenon for organic super-
conductors, where the dimer picture does not apply and ex-
plode the boundary between the dimer picture and nearly
localized picture due to the CO state. The authors will now
observe the molecular charges of some molecular conduc-
tors, whose organic layer has an intermediate nature between
-type and -type structures.
To summarize, we have studied the vibrational spectra
around the phase boundary among the metal, superconduct-
ing, and insulating phases of the -type ET salts, whose
ratio of sites to holes are 2:1, 4:2, and 6:4. These phases are
correlated with the time-averaged site charges . The in-
homogeneous site charges are robust at temperatures just
above the insulator-superconductor transition. The time-
averaged site charges are ascribed to the number of permu-
tations of the site charges and energy levels of the possible
site-charge distributions. The number of permutations and
energy levels mostly depend on the distribution of the inter-
molecular distance along the S direction. Our observation
suggests that the energy levels of the site-charge distributions
for a superconductor are neither nondegenerated nor degen-
erated, but nearly degenerated.
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